There has been much discussion in the literature about applying the radiative electroweak symmetry breaking (EWSB) requirement to GUT models with supergravity. We motivate and discuss the application of the EWSB requirement to the low tan β fixed-point region and describe the solutions we find.
Introduction
Improvements in LEP data over the past few years have generated significant excitement at the prospect of grand unification within the Minimal Supersymmetric Standard Model (MSSM) [1] . In addition to the gauge coupling unification suggested by LEP, Yukawa unification -in particular λ b (M G ) = λ τ (M G ) [2] -has been extensively studied, both at the one-loop and two-loop levels [3] . Such a constraint places significant restrictions on the allowed parameter space, especially that of m t and tan β. For values of m b (m b ) within the range 4.25± 0.10 GeV [4] , the resulting allowed parameter space lies almost exclusively within the fixed -point region, as defined by λ G i > ∼ 1 for i = t, b, and/or τ [3] , [5] - [11] . If one makes only the additional assumption that m t (m t ) ∼ < 175 GeV (consistent with the recently released CDF measurement m pole t = 174 ± 10
GeV [12] which corresponds to a running mass m t (m t ) ≃ 166 ± 10 ± 13 GeV, then one is restricted to two very narrow regions in the m t , tan β plane. One of these regions, the low tan β fixed-point region, has been the focus of our recent renormalization group analysis with supersymmetric grand unification [5] , and we therefore examine whether these solutions satisfy the additional constraint imposed by Radiative Electroweak Symmetry Breaking (EWSB).
Fixed Points and λ b = λ τ Unification
Fixed-points arise naturally from imposing λ b = λ τ unification at the GUT scale along with the typically allowed range for the bottom quark mass 4.25 ± 0.10 GeV. Figure 1 shows the allowed parameter space for λ b = λ τ unification, and Figure 2 shows contours of Yukawa couplings (at M GU T ). Figure 3 shows the typical evolution of λ t for these solutions. As described by Figures 1 and 2 , the allowed m t -tan β parameter space can be divided into three distinct regions:
3) 2 ∼ < tan β ∼ < 50 (λ t fixed point) It should be noted that threshold corrections, if large, may either enforce or mitigate the fixed-point nature of some of the solutions [8] - [10] , [13] - [17] . If m t∼ < 175 GeV, then only the first two regions remain. While both solution sets may still be viable, there are criteria which seem to favor the first region: namely, the large tan β region typically results in large threshold corrections and in large enhancements to flavor changing neutral currents in processes like b → sγ and BB mixing and to proton decay [18] - [19] . However, it is possible these may be successfully eliminated by assuming certain symmetries [9] .
One of the most important aspects of the large top mass is that it makes possible an understanding of the radiative breaking of the electroweak symmetry; the large top quark Yukawa drives a Higgs mass-squared negative. However, when both the top and bottom quark Yukawas are the same size at the GUT scale, one must rely on the difference in their hypercharges to effect the symmetry breakdown [20] .
The low tan β λ t fixed-point region can be well described by the following relation between the top quark mass and tan β.
Converting this relation to the top quark pole mass yields [3, 5] 
Electroweak Symmetry Breaking
There has been much discussion in the literature about imposing a Radiative Electroweak Symmetry Breaking (EWSB) constraint on GUT models [21] - [33] ; in particular we address this issue with regard to the low tan β λ t fixed-point region.
The EWSB constraint is enforced by minimizing the effective Higgs potential; at tree-level this is given by:
where m 2
, and m 2 3 = Bµ are soft-supersymmetry breaking parameters, ǫ ij is the antisymmetric tensor, and H 1 and H 2 are complex doublets given by
Minimizing this potential with respect to the two real components of the neutral Higgs fields ψ 1 and ψ 2 yields the tree-level EWSB minimization conditions:
The masses in these equations are running masses that depend on the scale Q in the RGEs that describe their evolution. Hence the solutions obtained are functions of the scale Q. Equations (5) and (6) are particularly convenient since the gauge couplings dependence (the D-terms in the language of supersymmetry) is isolated in Eq. (5). In addition, these minimization equations are readily solvable (even at the one-loop level) with the ambidextrous approach, which we describe in the next section.
The minimization equations also clearly show the fine-tuning problem that may be present in the radiative breaking of the electroweak symmetry. For large values of |µ|, there must be a cancellation between large terms on the right hand side of equation (5) to obtain the correct experimentally measured M Z (or equivalently the electroweak scale). For tan β near one, a cancellation of large terms must occur.
A heavy top quark produces large corrections to the Higgs potential of the MSSM [34] . Gamberini, Ridolfi, and Zwirner showed [23] that the tree-level Higgs potential is inadequate for the purpose of analyzing radiative breaking of the electroweak symmetry because the tree-level Higgs vacuum expectation values v 1 and v 2 are very sensitive to the scale at which the renormalization group equations are evaluated. The one-loop contribution to the effective potential is given by
where ∆V 1 is given in the dimensional reduction (DR) renormalization scheme [35] . The supertrace is defined as Strf (M 2 ) = i C i (−1) 2s i (2s i + 1)f (m 2 i ) where C i is the color degrees of freedom and s i is the spin of the i th particle.
The one-loop corrections to the Higgs potential effectively moderates this sensitivity to the scale Q. The one-loop corrections are conveniently calculated using the tadpole method [32] , [36] , [37] . The one-loop corrected minimization conditions can then be used to generate a complete supersymmetric particle spectrum which satisfies EWSB. Including only the leading contribution coming from the top quark loop (and neglecting the D-term contributions to the squark masses) one obtains the expressions
where
The extra one-loop contribution included above renders the solution less sensitive to the scale Q [26] - [29] , [32] , [27] , as can be shown explicitly by examining the relevant renormalization group equations for the parameters that enter into the minimization conditions. The complete expressions for the one-loop contributions can be found in Ref. [32] . The fine-tuning problem is alleviated somewhat, but not entirely, by the inclusion of one-loop corrections to the Higgs potential. As our naturalness criterion we require |µ(m t )| < 500 GeV .
Ambidextrous Approach
Other RGE studies of the supersymmetric particle spectrum have evolved from inputs at the GUT scale (the top-down method [38] ) or from inputs at the electroweak scale (the bottom-up approach [28] ). The ambidextrous approach [39] incorporates some boundary conditions at both electroweak and GUT scales. We specify m t and tan β at the electroweak scale (along with M Z and M W ) and the common gaugino mass m 1 2 , scalar mass m 0 , and trilinear coupling A G at the GUT scale. The soft supersymmetry breaking parameters are evolved from the GUT scale to the electroweak scale and then µ(M Z ) and B(M Z ) (or µ(m t ) and B(m t )) are determined by the one-loop minimization equations.
This strategy is effective because the RGEs for the soft-supersymmetry breaking parameters do not depend on µ and B. This method has two powerful advantages: First, any point in the m t -tan β plane can be readily investigated in specific supergravity models since m t and tan β are taken as inputs. Second, the minimization equations are easy to solve in the ambidextrous approach: equation (8) can be solved iteratively for µ(M Z ) (to within a sign), and then equation (9) explicitly gives B(M Z ). We stress the numerical simplicity: no derivatives need be calculated and no functions need to be numerically minimized.
Low tan β Fixed Point Solutions
We now describe our numerical approach in more detail. Starting with our low-energy choices for m t , tan β, α 3 , and m b (and using the experimentally determined values for α 1 , α 2 and m τ [40] ), we integrate the MSSM RGEs from m t to M G with M G taken to be the scale Q at which α 1 (Q) = α 2 (Q). We then specify m 1 2 , m 0 , and A at M G , and integrate back down to m t where we solve the full one-loop minimization equations (see Ref. [32] ) for µ(m t ) and B(m t ). We can then integrate the RGEs back to M G to obtain µ(M G ) and B(M G ).
In particular, we choose values of m t , tan β, α 3 , and m b representative of the low tan β λ t fixed point region. In addition to requiring EWSB to be satisfied, we impose the following experimental bounds: Together with our naturalness criteria |µ(m t )| < 500 GeV, these bounds give the allowed region in the m 0 , m 1/2 plane shown as the shaded areas in Fig. 4 . Hence there are solutions in the low-tan β λ t fixed-point region which satisfy EWSB constraints (as well as our naturalness criterion) at the one-loop level. Note that the µ < 0 solutions have more allowed parameter space than do the µ > 0 solutions. A few additional remarks are pertinent: the prediction for m h in the low-tan β region is particularly sensitive to higher order corrections [16] , [41] , [42] . Hence the precise location of the m h = 60 GeV contour is somewhat uncertain. Also, the dark matter line in Figure 4 should be regarded as semi-quantitative only since the contributions of s-channel poles that can enhance the annihilation rate have been neglected [43] .
Conclusions
Given only two reasonable assumptions
• unification of couplings and λ b (M G ) = λ τ (M G ) at the GUT scale.
• m b (m b ) = 4.25 ± 0.10 GeV we are restricted to the fixed-point region of m t − tan β parameter space. With only one additional assumption, m t (m t ) ∼ < 175 GeV, we are restricted to either 1) tan β ∼ < 2 (λ t fixed point), or 2) tan β ∼ > 50 (λ b = λ τ fixed point). The small tan β solution is favored by proton decay and flavor changing neutral current constraints. We investigated the additional constraint imposed by radiative electroweak symmetry breaking upon this first region, and found solutions which are both experimentally viable and meet the naturalness criterion |µ(M Z )| ≃ |µ(m t )| < 500 GeV.
